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Introduction
Grinding is one of the most commonly used material removal methods for a wide range of applications from ultra-precision surface creation to extremely high-speed material removal.
Grinding is a very complicated process comparing to other machining processes that use geometrically defined cutting edges. Understand the material removal mechanism of grinding is a critical issue to define operational strategy for grinding process optimisation. Many researches have been undertaken in order to understand the material behaviours under different grinding conditions.
Due to the scale of grinding chip formation and the high speed of grinding, it is difficult to observe the material deformation and chip formation during grinding. The simulation of material processing using finite element method (FEM) is a convenient tool to illustrate the material behaviour during processing. With FEM, grinding process has been modelled using heat transfer modelling technique in which case grinding wheel has been modelled as moving heat source and using elasto-mechanical material characteristic where the grinding wheel has been modelled as mechanical surface pressure [1] . This type of model is called as macro-scale model which deal with the interaction between grinding wheel and workpiece [1, 2] . The other approach is modelling of single grain actions during grinding process and called as micro-scale model dealing with individual grain interaction with workpiece [1] [2] [3] [4] [5] [6] . Micro-scale modelling of grinding is particularly suitable for simulation of grinding surface creation. However, it is still under developing stage due to the difficulty of FEM at the level of sub-micron level.
Micro-scale FEM model of grinding process was difficult because it requires high computational power. However, recently researchers have begun to investigate on micro-scale modelling and simulation of grinding process [1, 2, 7] . The grinding action of a single grain including rubbing, ploughing and cutting three phases was first put forth by Hahn [8] . The rubbing phase due to only elastic deformation is the shortest and generally results in negligible effect in terms of contribution to material removal. On the other hand, investigation and monitoring of the rubbing phase is the most difficult task in grinding. Often, an acoustic emission (AE) system [9] is employed to detect and differentiate the different phases of material removal and their significances in grinding in terms of the contribution to the surface formation and actual chip removal. The ploughing phase involves both elastic and plastic deformation but no chip removal, which plays an important role in surface formation. Since the ploughing consumes a lot of energy without direct contribution to the material removal, it makes grinding specific energy become much higher than other cutting processes. The cutting phase where the actual chip formation takes place, involves the elastic and plastic deformation as well as the chip removal. This phase is considered as the most desired phase to utilise the energy for grinding to remove materials and create new surface. Detailed analysis of specific energy requirements for the each phase (rubbing, ploughing and chip formation) during the grinding and its relations to grinding parameters and abrasive grain wear behaviour is broadly covered in Malkin's book [10] . Fig. 1 illustrates a model of grinding chip formation mechanism in three phases. Upon increasing grit penetration depth through the rubbing and ploughing phase, when the grit reaches to the specific cutting depth, the chip removal initiates in the cutting phase [11, 12] . Single grain scratch tests have been conducted experimentally by many researchers in order to explore the single grain grinding mechanics and material removal mechanism at micro scale [12] [13] [14] [15] [16] [17] [18] [19] [20] One of the earliest researches on single grain scratch over the workpiece was carried out by Takenaka Undeformed chip thickness [13] . He found that the cutting action decreases with the decrease of depth of cut, however, the rate of the ploughing actions increases with decreasing depth of cut. Grain orientation during single grain scratching process is one of the influential factor which affect the material removal mechanism and cutting mechanics. Recent research shows that the orientation of the grain has significant effects on the energy requirement and material ploughing rate [14] . High speed single grain scratching test was performed using spherical tool at depth of cut ranging from 0.3 µm to 7.5 µm at cutting speeds of 5 m/s to 30 m/s. The results show that the higher the cutting speed, the lower the ploughing rate.
Besides, the normal force during scratching is increased with the cutting speed because of the strain hardening of the workpiece while the tangential force is decreased due to reduction in the coefficient of friction between grain and workpiece [19] . Rasim et al. [12] investigated the transition of material removal phases by using a modified single grit methodology to explain interaction during the single grit and workpiece interaction. The 3D geometrical topography of the grit was analysed in terms of the parameters such as, apex angle, opening angle, rake angle, grit cutting depth and their influences on the material removal phases and chip formation were investigated. Dai et al. [21] investigated the effect of grain wear on the material removal mechanism during grinding. The diamond grains tested on the Inconel 718 material experienced four types of wear, namely, crescent depression on the rake face, abrasion on the flank face, micro fracture and macro fracture. Axinte et al. [18] and Butler et al. [20] investigated the effect of grain shaped on the material removal behaviour of ductile and brittle material. They found that the increased number of cutting edges on a single grit reduced the specific cutting force for brittle materials. For the ductile materials, reducing the contact area between the grit and workpiece is important to get a reduced specific cutting force. Klocke et al [22] developed a 2D [17] investigated the effect of grinding speed and undeformed chip thickness during single grit grinding of Inconel 718. They modelled a 2D single grit body with a negative rake angle (30⁰) and truncated base for the FEM simulation. They found a critical grinding speed (150 m/s), the effect of dynamic strain hardening and strain rate hardening are more influential if the grinding speed is lower than the critical value. Wang et al. [3] performed finite element simulation of high speed single grit grinding to investigate the transformation between material removal stages from friction sliding to ploughing, and to cutting process. They also investigated the effects of different grinding parameters and shape of abrasive grains on chip shape. Furthermore, Yiming et al. [4] investigated the grit wear and fracture and its effects on material removal mechanism by means of finite element analysis of single grit scratching simulation. The single grit body was modelled as a truncated diamond shape with a -30⁰ rake angle.
In this paper, the material removal mechanism with the single grit is investigated with computational modelling and simulation techniques including finite element method. In addition, some experimental tests under various conditions are investigated to explain material removal phenomena and surface creation during grinding.
2
Single grit scratching methods
Single grit grinding test
Using a simple single-grit test rig accommodated on the Nanoform 250 grind machine as shown in 5. In such a case, the pile up ratio calculation from top view could give a higher value than actual value, causing an inevitable error that is difficult to eliminate currently. Detailed explanation for the single grit scratching method and analysis of material removal by using pile up ratio and actual material removal area was given in a previous paper [26] . The 3D surface topography of a CBN grit is shown in Fig. 6 , which was measured before and after the traverse scratching tests by using a Keyence digital microscope. The form and colour changes in the surface topography after the tests are useful to reveal the grit wear behavior and micro cutting edge formation. In addition, continual alteration of grit cutting edges and cutting-edge apex angle was evidenced. Knowledge about the cutting edges shapes and apex angle could give a valuable insight into the modelling the single grit action on the workpiece. Macro fracture of the grit could take place during the scratching process, which created multiple cutting edges resulting in multiple edge scratches [27] . Micro fractures took place on the grit cutting edges increases the cutting ability of the grit and improves the grit-workpiece engagement although which led to some tiny scratches within a main scratch groove [27] . These tiny scratches could play an important role in determination of final surface quality and surface finish. The wear flat on top of grit is a wellknown phenomenon during grinding process that can be observed in Fig. 6(b) , marked as worn edges, and some discoloration took place on the grit worn edges (wear flat) due to thermal effect caused by frictional wear between the grit and workpiece. During grinding process or single grit scratching, the abrasive grit engages with workpiece in multiple dimensions, the front edge, side edge and flank edge of the grit engaged with workpiece materials could be very difficult to define during grinding. However, some assumptions could be made to reduce the number of parameters to cope with for the analysis of the grit-workpiece interaction and resultant wear and material removal mechanism. The 2D grit profiles ( Fig. 6(c) ) extracted from the worn grit by using the two profile lines (line a and line b) can give an idea about the grit cutting-edge apex angle. Prevailing assumption during modelling of the single grit is a tool with negative rake angle. The grit profiles in 
Finite Element Simulation to analyses the rubbing and ploughing
Material properties of grit and workpiece used in the FEM simulation are shown in Table 1 . The grit is modelled as a solid semisphere with a radius of 50 µm. Rigid body constraint set for the grit body.
The length, width and depth of the workpiece are 2 mm, 1 mm and 0.5 mm respectively. The grinding path of single grain for FEM simulation is shown in Fig. 7 . A range of cutting depth (ap,max) was set from 0.5 µm to 5 µm. In this research, the FEM simulation of a single grit scratching is conducted by using ABAQUS/standard software. A typical mesh of the grit and workpiece is C3D4 element that is a four-node linear tetrahedron elements are used to mesh both the grit and workpiece. Free-mesh technique was used in the first stage. Coarse meshing may result in poor conformity of simulation due to the relatively large stress gradients in the grinding contact zone. In the FEM model of grinding surface creation, remeshing is used to control distortion of element due to dramatically increasing strain rate at large deformation.
Fine meshes over the cutting area also provide better conformity of contact between grain and workpiece. The remeshing technique based on the refinement and coarsening techniques is applied to workpiece model to avoid entirely remeshing the workpiece. The remeshing is governed by mesh element size and average plastic strain error indicator is used to make decision about satisfaction of element geometry and contact conformity within the interaction area. Remeshing rules are needed to be defined to deal with remeshing procedures. Remeshing rules enable Abaqus/standard to adapt the model's mesh iteratively to meet error indicator goals that have been specified. The remeshing rule has no effect on the mesh during the first simulation ( Fig. 8(a) ). However, during the first simulation Abaqus uses the remeshing rule to calculate the error indicator output variables. In subsequent adaptive remeshing iterations, the remeshing rule augments the mesh size specification to produce a mesh that attempts to optimize element size and placement to achieve the error indicator goals described in the rule. Workpiece remeshed with three iterations for the simulation is shown Fig. 8 .
Encastre boundary conditions (all translational and rotational degree of freedom are fixed) are applied to workpiece bottom plane nodes. A two directional displacement boundary condition (-Z and -X) is applied to the nodes on the grit top flat surface to simulate indentation and sliding respectively.
Boundary conditions are created in the first step and propagated through all steps. Displacement boundary conditions are modified according to the grit scratch simulation path. 
Rubbing and ploughing action along scratch path
Single grit grinding process or scratching process is normally completed with the action of rubbing, followed by ploughing and cutting phenomenon. Rubbing action does not include plastic deformation, which is merely occurred within the elastic limit of materials. It occurs at the initial stage of scratching when the grit starts to penetrate into workpiece. Within the elastic deformation range, the grit only slide over the workpiece without generation any marks but this range is extremely small and it is difficult to measure both in experimental tests and in simulations. However, ploughing actions, including both elastic and plastic deformations, are more apparent compared to rubbing actions. Measurement of rubbing phase is quite difficult using FEM simulation. Rubbing phase is supposed to not include any plastic deformation, however, measurement from meshed element even at first contact stage have plastic strain components. In order to measure rubbing phase, it is required to make some acceptable assumptions on a measurement method. If maximum plastic strain is used as an indicator to measure the rubbing phase, contour plastic strain distribution across the simulated scratch will give some information about rubbing phase as shown in Fig. 9 . The length difference between first contact point and lower level of plastic strain contour colour distribution can give approximate measurement of rubbing length. With this method, the rubbing length is measured as 5.825 µm in the simulation of frictionless condition.
Fig. 9 Rubbing phase using plastic strain contour as an indicator
The pile up ratio along the grit simulation path and a transection view during the single grit simulation is shown in Fig. 10 , where the largest depth, at the end of step-3, includes elastic and plastic deformation. The residual deformation represents plastic deformation. Workpiece material in front of grit (front lip) is agglomerated which will lead to onset of chip formation when the stresses reach the breaking point, chips may form. Stresses due to elastic deformation are removed from the workpiece and only residuals due to plastic deformation remain on the workpiece. Pile up ratio along the grit scratching path is continuously increasing towards the end of scratch, however, there is a dramatic increase in the exit side of the scratch. Adding friction effect contributes the plastic deformation and results in greater pile up ratio. The higher the scratch depth gives the lower pile up ratio in the entrance side of the scratch, and this trend last until the grit begin to move upward in the exit of the scratch (in step-4). In the exit side of scratch (step-4), generally higher the depth of cut gives higher the pile up ratio. Pile up ratio along a real scratch (in Fig. 11 ) shows similar trend with the simulation result. Pile up ratio drops less than unity in the middle of scratch due to chip removal, but it increases dramatically towards the end of scratch. At the end of scratch, the pile up ratio is generally higher than 5 and even reaches up to 28, that is, a big portion of plastically deformed bulged material (ploughed lip) is agglomerated above the workpiece surface level, and the final part of scratched groove is formed within this bulged material above the original surface level. In the entrance side of the scratch, the grit was penetrating into the workpiece material, which results in compression of the work material beneath the grit body. The compression of the workpiece material could be one important reason of lower pile up ratio at the entrance side of scratch. When the grit began moving up in the exit side of scratch, it tries to uplift the work material resulting in a higher pile up ratio. The results also suggest that the cutting is the most prominent mechanism in the first half of the scratch, while the ploughing and rubbing are the dominant mechanisms in the second half of the scratch. The single grit scratch path of this traverse experimental scratch shown in Fig. 11 is a circle. In the grinding that involved workpiece infeed, the cutting path is a cycloid curve. The scratch surface creation was simulated by applying the scratching path as shown in Fig. 7 . A set of sectional profiles of the simulated scratches are extracted from the end of step-2 ( Fig. 12-(a) ) and from the end of step-3 ( Fig. 12-(b) ), where the maximum cutting depth (ap, max) is 2 µm. The gouge depths in 
Material removal analysis in longitudinal scratches
The single grit scratching test was performed on En8 steel which has a lower hardness value (222.2 HV) than En24T steel (289.2 HV). The scratching test was performed in longitudinal direction, which is closer to real grinding process. The scratch longitudinal transection profile and scratch path section profile are shown in Fig. 15 . The worktable movement and speed during scratching could affect the scratching mechanism and grit cutting path. The grit scratching path is not similar to that obtained in traverse scratching method. Middle part of the scratch path is almost straight due to the effect of work table movement in the same direction. Fig. 16 and Fig. 17 show variations in pile-up ratio against depth of cut and groove area, respectively. Cross sectional profiles for the calculation of pile up ratio and actual material removal are extracted from the middle of scratches, where the chip removal is generally more efficient. The less the depth of cut or groove area the higher the pile-up ratio. The grit cutting edge shape could be assumed in the same shape of the scratch section, thus, the scratches in Fig. 16 and Fig. 17 indicate the cutting edge is sharp. Fig. 18 shows some scratches with a truncated tip grit resulting in lower pile up ratio with lower depth of cut. These results show how the material removal is influenced by the geometrical shape of the grit cutting edge. Actual material removal is shown in Fig. 19 . Up to 2.5 µm depth, chip removal strength increases slowly with depth of cut, but when the depth of cut increases beyond the 2.5 µm, the chip removal strength increases rapidly with depth of cut. This means that after certain depth of cut, the chip removal mechanism becomes more dominant than the ploughing mechanism. 
Multi passes scratch simulation
The surface creation in grinding is achieved by a large number of grits passing through grinding zone interacting with workpiece material with rubbing, ploughing and cutting phases. In grinding, rubbing phase is elastic deformation, which does not create new surface. Ploughing is plastic deformation which pushes materials away from their original positions forming a new surface. Chip formation removes materials from workpiece due to excessive plastic deformation leaving a new surface. Because of small depth of cut, in grinding, a larger proportion of grinding actions is ploughing, which is the major factor that determines final surface features. The ploughing action of subsequent grits could alter the surface profile produced by previous grit pass. A simulation is designed to demonstrate how ploughing could affect the generation of ground surface in grinding, where a single grain scratches the workpiece three times with 10 µm feed in transverse direction. Fig.   20 shows generated surface after three times grit scratch subsequently. Fig. 21 , obtained from the end of step-3 in the grit simulation path, shows subsequent grit passes push material aside forming ridges which alter the ground surface. Cross sectional scratch profile extracted by using a path based on element nodal locations, which are selected at the end of step-3 as shown in Fig. 20 . Using the scratch profile, the piles up ratios are calculated and shown in Fig. 21 . There are not any significant changes on pile up ratio with subsequent scratch formation. Both pile up area and groove area increases at every subsequent scratch, and the pile up ratios are around 0.76. However, the subsequent scratches give larger groove depth and the groove shape becomes unsymmetrical as shown in Fig. 20 and Fig.   21 . Larger the depth of groove with the increase of subsequent scratch number can be attributed to the elastic-plastic deformation mechanism. Fig. 22 shows the force variation through grain simulation path for three consecutive parallel passes. Although normal forces are slightly higher in the first grain pass at step-3, there is no significant differences in normal (Fy) and tangential (Fx) forces for the consecutive three passes. However, increasing volume of side ploughing with the number of subsequent parallel passes leads to increase of traverse force component (Fz) in the direction of grit traverse feed movement. Material accumulation (front ploughing) ahead of the grain when the grit advances at step-3 leads to increase of tangential forces (Fx) in every subsequent parallel pass as shown in Fig. 22 . the position and location of the grit over the scratching path. Further, the grit geometry, grinding pass sequence (longitudinal or traverse), grit engagement depth, grit wear due to fracture and attrition, as well as workpiece material properties (brittle or ductile) are all influential to the weight of each phase.
Rubbing phases can only be approximately estimated as shown in Fig. 9 in the FEM model, even it is more difficult to estimate the rubbing length with the experiment. Anderson et al. [15] also indicated that no clear transition from rubbing to ploughing to cutting could be identified in their experimental and numerical investigation. By attaching a grit on the worktable and fixing the workpiece on a rotational wheel, Rasim et al. [12] used a modified single grit scratching test to observe the material removal phases. This modified test provided slightly better observation of rubbing and chip formation phase, however, their results were also acquired by some sorts of approximation. Their finding suggests that the rubbing phase generally occur at the grit entrance to the workpiece and the grit exit side of the scratch mostly deformed by plastic deformation, which is supportivetly agreed with the result given in Fig. 11 . Ploughed lip above the work surface level at the exit side of the scratch demonstrated that the dominant mechanism is the ploughing. The cutting mechanism where the actual chip removal occurs is the more effective mechanism in the first half to the scratch, which is obvious in Fig. 11 , where the lower pile up ratio in that region suggest this fact. Although the material removal mechanism affected by the workpiece material mechanical property, similar trend was found with Inconel 718 workpiece material in [27] . FEM simulation results in Fig 12 also support the experiments, friction only affects the grit gouge depth in the first half of the scratch, whereas material pile up on the both sides of the scratches are increasing with addition of friction coefficient while the grit gouge depth is stable.
The grit geometry of cutting edges is one of the most influential parameters that could alter the material removal mechanism significantly. A single cutting edge with a pyramid shape as shown in Fig. 16 , often considered as a sharp edge, has a higher pile up ratio with lower depth of cut; contrary to Fig.16 , a truncated cutting edge shown in Fig. 18 would have a higher pile up ratio with increasing depth of cut. Such a contradictive behaviour of grit scratch requires a thorough investigation of the influence of grit cutting edge geometry on grinding material removal mechanism. It is critically importantly, especially, for an engineered grinding tool designed with shaped abrasive grains in a certain arrangement [18] . FEM analysis method presented in this paper is proved to be a powerful to to illustrate single grit grinding performance with irregular abrasive grains. For a reliable FEM modelling, the re-meshing strategy is critical to provide very fine size meshes in contact area to alleviate the element distortion due to large plastic deformation. The FEM simulation provides essential information of grinding performance, including stress distribution and surface formation during grinding. Further, ploughing ridge formation, rubbing deformation and material removal characteristics can also be studied. However, the cutting phenomenon is still difficult to fulfil at submicron or nanometre level because of the extremely high distortion within grinding zone under high negative rake angle of the grain, which significantly increase the demand of computing resource.
Therefore, molecular dynamics method was introduced for the study of surface creation at nanometre level [6, 28, 29] . However, the computing power and simulation time could also be an obstacle for its application due to the number of molecules involved.
Conclusions
With the support of experiments and FEM analyses, some key findings are summarised below.
• Single grit grinding material removal process consists of rubbing, ploughing and cutting three stages, through the transition between these stages could not be clearly cut. The ploughing performance in grinding has significant influence on the ground surface creation.
• Pile up materials is significantly increases towards the end of grit scratch due to material accumulation in front of the grit while the grit advances towards the scratch exit. During the grit climbs up towards the exit end of the scratch, the uplifted agglomerated materials will stay on the surface, leading to a high pile up ratio at the end of the scratch.
• The grinding force variation depends on the cutting path of the grit. The bulged material due to previous ploughing action will increase the cutting forces in subsequent cutting passes.
• Friction between the grit and workpiece has notable contribution to plastic deformation, resulting in larger penetration depth in the entrance stage of the scratch and higher bulged material ridges and pile up along the scratch pathway.
• Side pile up increases in a grit multi pass simulation in the direction of grit cross feed movement, the normal force (Fy) is the larger in the first pass of multi pass simulation, however, tangential forces (Fx) are quite stable.
• In longitudinal scratching test, the middle of grit cutting path took a rather flat profile due the worktable movement (Vw), which is consistent with the grit path in the FEM model.
The agglomerate materials at the front of the grit will accumulated leading to a decrease of real depth of cut, even the undeformed depth of cut remain the same. As a result, the actual gouge depth in the penetrate side of the scratch becomes larger than that in the exit side of the scratch • A sharp grit will give higher pile up ratio than a blunt grit. However, when the cutting depth increases, the pile up ratio will decrease for the sharp grit and will increase for the blunt grit. This finding could provide an important guidance for grinding wheel design to improve grinding efficiency.
